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ABSTRACT 
A recently developed connection for structural tubing utilizes 
hollow steel spheres at the junctions of the tubes. This report pre-
sents the results of an experimental investigation of these joints. 
Eight specimens were tested, the variables in the investigation 
being diameter of tube and type of test (tension or compression). The 
diameter and wall thickness of the spheres and the wall thickness of 
the tubes were held constant. Load was applied to the spheres through 
two tubes on the same axis. 
The test results were correlated with an analysis developed 
for pressure vessels in the elastic region. In addition, the test 
results were used to aid in the development of a simplified design 
\ 
--~ 
procedure based on a simultaneous yielding of the connected elements. 
il ,, 
2 
1. INTRODUCTION 
The use of hollow structural tubing in steel structures has 
become more and more couunon in recent years. Perhaps the greatest 
problem involved in using this type of member is that of joining 
members together without a great deal of cutting and fitting. Since 
hollow tubing is particularly adaptable to a space frame type of 
structure, there is the additional problem of a large number of members 
meeting at a single joint. 
One of the newest ideas in this field is that of welding the 
tubes to a hollow steel sphere. The main advantages of this type of 
joint are the increased surface area available for a large number of 
members and the fact that no complicated cutting of the tubes is 
necessary to make the connection. 
Comparatively little research has been done on this topic to 
date. Some tests were conducted in Germany 1 and will be discussed in 
this report. The United States Steel Corporation made t,10 tensile 
2 tests of spherical joints and these will also be included in the dis-
• cuss1on. 
In order to learn more about the experimental behavior of 
-
spherical joints, a study was made at the Fritz Engineering Laboratory 
of Lehigh University. The experimental results were also to be used to 
determine the applicability of existing theories and to help develop a 
.. 
theoretical analysis if necessary. From these studies, design pro-
cedures for spherical joints could be developed • 
• 
Variables in the test program were the type of test (tension 
or compression), the number of tubes welded to the sphere, and the 
diameter of the tubes. The wall thickness of the sphere and 1 tubes and 
the diameter of the spheres were held constant. 
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2. TEST SPECIMENS 
The spher~s were constructed by welding together two hemis-
' ~~.' 
pheres. These hemispheres were manufactured by pressing at 1800° F 
at the Lukens Steel Company mill in Coatesville, Pennsylvania. ASTM 
A-36 62T steel was used. The yield stress after fabrication was ap-
proximately 40 ksi. A one-half inch allowance was added to the hemis-
pheres so that the joints could be machined before welding. Full 
penetration butt welds were used on all spheres. After welding, they 
were ground flush with the surface of the spheres. Details of the 
welding procedure are presented in Appendix A. 
·i 
The members joined to the spheres were AP! SL Grade B tubing 
with a wall thickness of 0.28 inches and varying diameters. Their 
yield point and ultimate strength were approximately 40 ksi and 60 
ksi respectively. The lengths of each of the two tubes attached to a 
sphere were eighteen inches for the compression specimens and thirty-
six inches for the tension specimens. A solid steel plug was welded 
inside the top part of the tubing for the tension specimens to allow 
gripping in the testing machine. 
All load carrying tubes were welded into precut holes in the 
sphere. Welding details are shown in Appendix A. The tubes extended 
about 2 inches into the inside of the sphere. 
/ 
... 
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• specimens were designated as follows: 
No. 1 10-3/4 • O.D. Tubes Compression - 1n. -
No. 2 6-5/8 • O.D • Tubes - Compression - 10. 
No. 3 2-7/8 • O.D. Tubes Compression - 1n. -
No. 4 6-5/8 • O.D. Tubes 2 extra Tubes Compression - in. - -
No. 5 2-7/8 • O.D. Tubes Tension - in. 
No. 6 6-5/8 • O.D. TubE,_S Tension in. 
No. 7 10-3/4 • O.D. Tubes Tension - 1n. 
No. 8 - 6-5/8 in. O.D. Tubes - 2 extra Tubes - Tension 
No. 9 - Sphere (Specimen No. 6 with tubes cut off at 
weld)- Compression 
/1 
-
- 3. INSTRUMENTATION AND TEST PROCEDURE 
; 
Twenty rectangular rosette, electrical resistance foil strain 
gages were installed on each specimen in five groups of four gages on 
90° axes perpendicular to the tube axis. The gage locations are shown 
in Fig. 1 and are designated as follows: 
1 - Equator of sphere 
2 - Midway between equator of sphere and tube to 
sphere connection 
... . 
.r 
3 On the sphere adjacent to weld 
4· - On the tube adjacent to ,.,e ld 
5 - On the tube, six inches from tube to sphere connection 
For the test of the sphere without tubes, two groups of four 
gages were installed at an interval of 180° on axes perpendicular to 
the direction of loading. ~he gages were located on both the inside 
and outside walls of the sphere at gage locations 1 and 2 of Fig. 1. 
The strains in each of the three legs of the rosette gages were read 
directly from a digital strain indicator and later reduced to principal 
stresses by a computer. 
Deformations of the compression specimens were measured using 
0.001 inch dials located between the heads of the testing machine at an 
0 interval of 180 around the specimen. The tension test deformations 
were measured using an electrical resistance gage mounted on a curved 
springlike piece of aluminum (Fig. 2) and calibrated to give a reading 
./ 
~··" -~·· '/ 
of 144 microinches per O. 001 inches of extension of the spring. The 
deflection was measured between two rectangular plywood heads attached 
to the tubes at a gage length of thirty inches, both heads being 
fifteen inches from the center of the, sphere. 
All specimens were tested in a 5,000,000 lb. capacity universal 
testing machine with the exceptions of Specimens 5 and 9 which were 
tested in the 300,000 lb. and 800,000 lb. capacity testing machines 
respectively. Load was applied to the specimens following the load 
chart shown in Table 1. No load was applied to the extra tubes of 
Specimens 4 and 8. Strain and deflection readings were taken at each 
load until yielding occurred. At this time all measuring equipment 
including the strain gage connection board, was removed or discon-
nected to prevent its being damaged. The specimens were then tested 
to their ultimate capacity. No strain readings were taken beyond the 
yield load. 
. ......... , ; . 
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4. THEORETICAL ANALYSIS 
4.1 Pressure Vessel Theory 
I -
,, 
... 
Theoretical studies of pressure vessels have been conducted 
for many years. It is apparent that the hollow steel spheres with 
tubes in this study are similar to pressure vessels with nozzles. 
Only internal pressure is absent in this situation. 
Recently a general solution for stresses at the nozzle of a 
pressure vessel due to various types of loading conditions has been 
3 developed. This method of solution utilizes asymptotic solutions 
involving Kelvin functions of order n and real argument which are 
d 1 d · h · 1 4 · h b 11 . eve ope 1n anot er art1c e 1n t e same u et1n. For the case 
described herein (axissynunetric loading), n = O. 
I" 
8 
In this method of solution compatibility requirements can be 
satisfied by two equations. The first involves the edge bending 
solutions at the junction of the sphere and nozzle and the second, the 
membrane solutions in the sphere. The nozzle is analagous to the tubes 
in this study. The loading condition similar to that used in the tests 
-·, is an axial load P per unit circumference applied to the exterior part 
of the nozzle. Also included in the solution is the presence of a 
reinforcing pad at the junction of the tube and sphere which represents 
- the weld.- Figure 3 shows the forces acting on the elements of the 
structure. The closed arrows represent self-equilibrating discontinuity 
..... .,. .... _, 
,. 
,, 
' 
/.' 
.i,i 
.·•· 
forces (Hand M) which maintain the junction in a closed state and the 
open arrows represent the membrane forces (N) which are reactions to 
the applied load. A solution in general form is presented here in an 
abbreviated form. The following notation is used: 
y - total displacement vector 
-m y -membrane displacement vector 
F - flexibility matrix 
x - force vector 
t)n angle between vertical axis of tube and point n 
R - midsurface radius of sphere 
r - midsurface radius of tube 
T - wall thickness of sphere 
T' - thickness of reinforcing pad (weld) 
t - wall thickness of tube 
Subscripts: 
t - tube (c in Ref. 3) 
p - reinforcing pad (weld) 
-.s - sphere 
1 - joint of tube and pad 
2 - joint of pad and sphere 
The total displacement is the sum of the displacements due to 
edge bending and those due to membrane effects. From this, the dis-
placement-force relationship can be written as: 
- -- -m Y a F X + y 
,. 
I 
(1) 
9 
l 
·-~ 
'_-,_.•--"'-""!!'.' 
...... ,,,).,,,-, "'·' 
-·'-o-'' ............ .......,,,. .. .__. ...• -
J 
.\' . 
This equation can be written in terms of the cylinder, pad, and sphere 
in the following manner: 
-m 
PYl,2 = pF xl 2 + Y1 2 p ' p , 
(2) 
The compatibility requirements are given in matrix form as: 
-
- (3) 
Equations (2) and (3) lead to the following general solution: 
(4) 
or 
Hl -1 
--
-' -m 
M1/R 
tF I 0 tyl tfll Nl cos 01 
- F - - ~ - - - - -m -
- pYl,2 p I 
-m 
-
tf21 Nl cos 0 H2 0 I F sy2 
' s 
0 
M2/R 0 
10 
(5) 
Th,e elements of the various flexibility and membrane displacement matrices 
are given in the article3 along with their derivations. 
Any given case is solved first for~= 1.0 
where 
P == N1 sin 01 
I 
I 
I 
, ..... 
l 
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! 
The resulting answer can then be multiplied by an appropriate factor 
to obtain the solution for the desired load. In this analysis it is 
assumed that the bending moment in the wall of the sphere is so small 
at any location beyond the junction of the sphere and weld (Point 2 in 
Fig. 3) toward the equator of the sphere that it can be neglected. 
This has been shown to be true in studies of spherical shells with a 
lantern ring loading. 5 Figure 4 shows the relationship between M0 
and 0 near the lantern ring of a shell roof. It can be seen from this 
0 figure that the moment at a point.only 2 from the edge of the ring is 
only one-tenth the moment at the ring. Since the bending moment is 
negligible, the only remaining forces in the sphere wall beyond point 
(2) are the membrane forces. These are N1 which acts between the 
tube-sphere junction and the end of the weld (point 2) and N2 which 
acts from point 2 to the equator .. N1 is a function of the load, and 
once the discontinuity forces (Hand M) are obtained from the matrix 
solution N2 can be calculated by statics. N2 is then assumed to be 
constant from point (2) to the equator. The stress at point (2) can 
be computed by.dividing N2 by an area equal to T multiplied by a unit 
circumference. As one moves from point (2) toward the equator, the 
stress in the sphere will decrease due to the increasing width of the 
segment on whith the membrane force N2 acts. The width of the strip 
at any point can be calculated by proportions. 
11 
A sample solution for test specimen No. 6 is given in Appendix 
B. All necessary figures are incl~ded in this solution. 
II 
~ 
··' 
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It is obvious that this type of solution is a lengthy one. 
12 
There may be some possibility of programming the problem for a computer, 
but in general there are so many variables that this seems impractical. 
\ 
\ 
Further studies of solutions of this type may yield more satisfactory 
results. In particular they could lead to a computer solution from 
which design charts could be developed. At this early a point in the 
study of spherical joints, however, a more practical design procedure 
is needed. A simplified approach will be treated in the next section 
of this report. 
4.2 Yield Load Analysis 
the 
The most obvious approach to the analysis of a shell type 
structure such as the spheres of this study is to attempt to apply 
simple membrane theory of shells. Membrane theory is based on the 
assumptions that the shear forces in the thickness direction of the 
shell wall and the bending moments in the shell are negligible. The 
only forces then acting on the shell are normal and shear forces in 
the longitudinal (~) and latitudinal (Q) directions as shown in Fig. 5. 
For the case of axial synnnetry which is applicable here, the stresses 
are independent of Q and the element of Fig. 5 is in equilibrium in 
the latitudinal direction. The notation used in this analysis is given 
below and in Fig. 6. 
R - midsurface radius of sphere 
r - midsurface radius of tube 
T - wall thickness of·sphere 
I 
\ 
I 
;,I 
I 
I 
II [ 
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) 
.t - midsurface diameter of tube 
D - midsurface diamete of sphere 
d - midsurface diameter of tube 
• 
t, 
0 
angle between vertical axis of tube and sphere 
tube junction 
- angle between vertical axis of tube and any 
point on sphere 
limits of 0 are 0 < 
0 -
·Q - total load 
N - membrane force 
< 90° 
P - load per unit circumference of tube 
a - yield point y 
a tensile strength 
u 
T - shear stress 
Subscripts: 
s - pertaining to sphere 
t - pertaining to tube 
13 
It is apparent, considering the above assumptions and the 
shape of the sphere and tube, that in effect this problem is one of a 
spherical dome with a ring loading. In this case the ring loading is 
applied through the tube. Although there are some bending stresses 
present these are confined to a narrow zone around the tube sphere 
junction. 5 If these stresses are neglected only the membrane forces 
in the longitudinal direction remain (See Fig. 7) 
Neglecting the weight of the structure the following relation-
ship has been developed for spherical shells with a • load P. ring 
P sin '/J 
N • 0 (6) 
. 2 0 Sln 
.\ 
' The membrane force N will obviously· have a maximum value when O • 0, 
0 
(i.e. at the junction of tube and sphere) 
Therefore 
p • sin 0 p 
N - 0 - (7) 
. 2 max. 0 sin 00 sin 0 
14 
One possible approach would be to require simultaneous yielding 
of the tube and sphere. This should represent a conservative solution 
for the required sphere thickness, since yielding in the sphere is 
confined to a small area. Since N acts on an area equal to T multi-
plied by a unit circumference, there will be yielding in the sphere 
{due to membrane forces only) when 
N = T cr ys 
The tube wall will yield under the load P when 
P = t ayt 
(8) 
(9) 
For simultaneous yielding of sphere and tube, substit~ting (8) and (9) 
into (7), gives 
t a 
T a ys 
= _ _.y_t_ 
From Figure 6: 
e,· 
sin fJ 
0 
sin 0 
0 
- r 
- -R 
(10) 
(11) 
Substituting (11) into (10) and solving for T, the following expression 
is obtained: 
R a T - t ys - -
r a yt 
(12) 
· Since D R this be written - . - can as d r ' 
,. 
• /' 
D a 
T = - t ys (13) 
d C1 yt 
If a = a the equation reduces to ys yt 
(14) 
• .'• ' r' 
This equation indicates that the ratio of sphere thickness to 
tube thickness is directly proportional to the~ ratio. The solid 
curve of Fig. 8 shows the relationship between f and%, From this 
curve it can be seen that Eq. 14 conforms to the obvious condition 
15 
that when the sphere and tube have equal diameters (D = d) the required 
sphere thickness would be equal to that of the tube. In other words 
there would be a continuous tube of thickness t. For lower% ratios 
the results of Eq. 14 seem to be unrealistic. If, for example, the 
% ratio were equal to 0,2 the required T would be equal to St. It 
would seem, therefore, that a limit could be placed on the value of~-
d The limiting case, that of a very small O ratio, is in effect 
nothing more than a tube connected to a flat plate. Since only axial 
load is applied to the tube the obvious mode of failure will be shear. 
Using the van Mises - Hencky criterion for yielding under pure sheat 
T y 
a 
= y 
/93 
For simultaneous yield of sphere and tube 
t ayt = 'T ys T 
(15) 
(16) 
l 
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Substituting (15) into (16) and solving for T, gives 
CJ t 
T = /'3 t y 
CJ ys 
If ayt • a this reduces to ys' 
T = /'3 t 
and is shown as a dotted line in Fig. 8. 
(17) 
(18) 
Since Eq. 18 was obtained for the limiting case, it should be 
conservative to apply it up to its intersection with Eq. 14. It seems 
apparent that these equations represent the two extreme cases of 
loading. Undoubtedly a combined load transfer mechanism exists between 
these two extremes. 
The following formulae could then be applied to determine the 
required wall thickness of a sphere: 
D cr t 
T = - t y 
d cr ys 
CJ 
T = /'3 t yt 
a ys 
0.578 :'.: % :5· LOO 
0 < ~ < 0.578 
-D-
4.3 Possibility of Shear Failure of Weld 
CJ 
(Ia) 
(lb) 
Since we have discussed a shear failure of the sphere, a 
question might be raised concerning the possibility of a shear failure 
of the tube to sphere weld. This weld should be of suff~ient size to 
ensure that the connected members develop their maximum strength. The 
usual practice is to design the weld with a higher factor of safety 
' 
,,-· --~---.-; .. 
,. ..... 
,1 
ii ,, 
I / 
'··1 ' 
,; 
.. 
against failure than that of the members. For example, if the tube 
and sphere were designed on a yield load basis, the weld could be 
designed to reach one-half its ultimate shear strength at this load. 
The shear strength of the weldment is approximately 15.°4 of its tensile 
~ 
,. 
~-. 
strength. When the tube yields the force acting on a unit • c1rcum-
17 
ference of the weld would be equal to cryt t. Failure of the weld would 
occur through the throat of the weld (see Fig. 9). If the size of the 
I ,-
fillet weld is designated as W, the failure plane would have the 
0o dimension W cos(45 +2)• The resisting force of the fillet weld 
would then be 
I 0 
0.5 V 
u 
0 
= 0.5 T A= (0.5)(0.75 cr ) W cos(45 + --2 ) uw uw (19) 
Setting (19) equal to the yield load of the tubes, gives 
0 
0.265 (J w cos(45 + -9.) - a t (20) -
uw 2 yt 
Solving for W, 
1 
cr t 
w - 3.78 y t • 0 (21) (J 
cos(45 + --2) uw 2 
The above result is only one possible formula. Other criteria could 
be developed in a similar manner. 
4.4 Selection of Sphere Diameter 
The selection of a sphere diameter involves a certain amount 
of judgment. Two major factors are involved in this selection. These 
are: 
1. Size of tubes entering sphere, in particular 
the largest. 
18 
.. ~ 
2. Number of tubes entering sphere. 
As a guide, consider a joint where the sphere diameter is equal to 
twice the maximum tube diameter. This sphere could acconnnodate six, 
symmetrically placed tubes of this size without any of the welds butting 
together. If, for example, only two of the members were of the size 
d it would be possible to connect six or more additional tubes to 
max. 
this same sphere. The diameter of the sphere is therefore determined 
simply by space requirements. Once the number and size of tubes 
meeting at a joint is known, a good procedure would be to start with 
a sphere diameter D equal to twice the largest tube diameter and see 
if the space requirements are satisfied. If more space is needed to 
prevent tubes butting into each other, D could be increased and if 
a large amount of available space is unused, D could be decreased. 
4.5 Design Procedure 
One possible procedure for design of spherical Jbints would 
be the following: 
1. Determine number of tubes entering the joint.' 
2. Design tubes from load requirements, using an 
appropriate safety factor. 
3. Starting with D = 2 d select a sphere diameter. max, 
4. Apply Formula I(a) or I(b) to each tube. 
5. The largest T determined in this manner will be 
the required wall thickness of the sphere. 
•, 
,. 
6. Weld sizes can be determined from Eq. 21 or any 
other method which will enable the connected 
parts to develop their maximum strength. 
19 
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5. TEST RESULTS AND DISCUSSION 
The test results are given in Table 2. Results of two previous 
2 tests by the sponsor are shown in Table 3. All specimens except the 
latter two were constructed by welding the tubes into precut holes in 
.. ~ 
the sphe·res. These had the tubes welded to the outside of the sphere. 
For purposes of comparison, results of both series will be discussed 
in this report. 
5.1 Deflections 
Load-deflection curves for six of the eight specimens and for 
the sphere without tubes are shown in Figs. 10 through 16. No load-
deflection data was obtained for Specimens 6 ,f,,and 8 due to a defective 
gage. Because the deflection readings in the two previous tests2 
include slipping of the specimens in the grips, no numerical comparisons 
can be made, but the curves seem to have the same general shape as those 
shown in this report. Table 4 gives total deflection, tube deflection 
and sphere deflection at the yield load of these specimens which in 
these tests was always the yield load of the tubes. 
Tube deflection was computed for lengths of 32 inches and 14 
inches for the compression and tension specimens respectively. It can 
be seen from Table 4 that the deflection of the sphere without tubes 
is approximately the same as the deflections of the spheres determined 
by deducting the computed tube deflection from the overall deflection 
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of the specimens. This similarity can be explained in the following 
manner. The stiffness of the spheres around the tube-sphere connection 
is derived from the inserted tube and weld. When the tubes were re-
moved from the sphere of Specimen 6 most of the weld and inserted tube 
were still present (Fig. 17) and thus the sphere without tubes 
(Specimen 9) was essentially the same specimen as it was before the 
tubes were removed. Since there were gages on both the inside and 
outside of this specimen this similarity will be helpful in later a 
discussion •• 
') 
The average deflections recorded at yield load were less than 
< 
I 
I 
one-half of one percent of ,the diameter of the sphere. At working 
loads, these deformations v?Puld be of even lesser magnitude and could 
be neglected. 
As can be seen from the load chart given in Table 1 a loading 
and unloading procedure was followed during testing. When load-de-
flection curves were plotted on a single set of axes for the entire 
test, the different cycles could not be distinguished from one another. 
Permanent set after unloading never exceeded 0.007 inches and was 
generally this large only for the first unloading. Part of the 
,, 
residual deformation on the first unloading can probably be attributed 
to residual stresses induced by ,velding the tube to the sphere. These 
results indicate that the behavior of spherical joints under this type 
of loading and unloading is similar to that of any welded connection. 
I' 
I 
···1 .. 
...... , ... ··--
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5.2 Stresses in the Specimens 
Curves of load versus principal stress at each gage location 
are shown for each specimen in Figs. 18 through 57. Compressive 
stresses (a. ) are plotted for compression specimens except in a min. 
few cases where the absolute value of a was larger, and tensile max. 
stresses (a ) for tension specimens. The curves,are reasonably max. 
linear below the yield load except for those gages located near the 
tube to sphere weld. Non-linearity at these gage points is probably 
due mostly to the presence of residual stresses caused by the welding 
process. From the similarity of these curves, it can be concluded that 
the stresses at any location on the sphere that is not near a weld will 
follow the same pattern, and could probably be predicted quite 
accurately. 
Table 5 shows the average principal stress at each gage location 
when the specimens reached the yield point of the tube. The minimum 
principal stress (cr. which is the largest compressive stress) is 
min. 
shown for the four compression tests, and the maximum principal stress 
(a , the largest tensile stress) is shown for the four tension tests. max. 
,In all cases, it can be seen that the tube had yielded at gage location 
5. At location 4, on the tube near the weld, the tension specimens 
were all yielded except Specimen 5 which was near yield. This was also 
true for three of the compression specimens, Specimen 1 and Specimen 4 
which had yielded and Specimen 2 ,-1hich was near yield. Specimen 3, 
however, had a much lower stress than would be expected at this point. ' 
Close observation of the failure of this specimen (Fig. 58) will show 
:. ·" 
• I 
that although the amount of local buckling was quite small it occurred 
at gage location 4. The local buckling would induce tensile stresses 
23 
in the outside wall of the tube and thus reduce the compression stresses 
recorded by a gage on the outside surface. 
In order to determine whether or not there was any yielding 
in the spheres when the tubes yielded, the stresses on both the inside 
and outside of the sphere must be considered. Table 5 shows that at 
gage location 3, on the sphere near the weld, the stresses range from 
25 to 70% of the yield value with the larger values occurring for the 
3 spheres with the smaller tube diameters as predicted by theory. 
These gages, however, were on the outside of the sphere and the theory 
predicts that the stresses on the inside wall will be of greater 
magnitude due to the bending moments regardless of the direction of 
loading. 
As was noted earlier in the report, the sphere without tubes 
was similar to the other specimens because of the stiffening effect 
of the weld and the remaining tube inside the sphere. This test 
provides some indication of the stress gradient present in the sphere. 
At a load of 250 kips, the principal compressive stresses (crmin.) at 
the equator (gage location 1) were 9.5 ksi on the outside surface and 
9.25 ksi on( the inside surface. This confirms the theory that only 
membrane forces are present near the equator. At gage location 2, 
midway between the equator and the tube opening the principal com-
pressive stresses were 10.25 ksi on the outside surface and 32.5 ksi on 
the inside surface. This indicates that significant bending moments 
1 
24 
: ,~. ' 
were present as the junction of the sphere and tube was approached. 
Curves of load versus principal stress are plotted in Figs. 
59 through 62 and show the relationship between the inside .and outside 
wall stresses throughout the range of loading. The largest differences 
are in the minimum principal stress (a. ) as would be expected for 
min. 
a specimen tested in compression. Since stresses nearer to the tube 
opening would be greater than those at gage points 1 and 2, it can be 
concluded that for this specimen the stresses of the opening were 
equal to or nearly equal to the yield stress of the sphere. This is 
verified by Fig. 63 which shows that the specimen failed by yielding 
of the sphere around the opening. 
Comparing these results with those in Table 5 it can further 
be concluded that the spheres with 6-5/8 in. O.D. tubes were at least 
partially yielded at the junction when the tubes yielded, and that 
the same was true for the spheres with 2-7/8 in. O.D. tubes. 'Ille 
spheres with 10-3/4 in. O.De tubes were probably not yielded as the 
outside stresses at gage location 3 in Table 5 are lower than those 
in the other specimens, indicating that the wall thickness of these 
,.,spheres was greater than that required for simultaneous yielding of 
the sphere and tube. Again, this agrees quite well with the theory. 
5.3 Types of Failures 
The compression test specimens exhibited two types of failure. 
One failure mode was simply local buckling of the tube adjacent to the 
weld as shown in Figs. 64 and 65. This occurred only in Specimen 1 
.. ' 
25 
which had a large d/D ratio. The other failure mode was buckling 
of the entire specimen followed by local buckling adjacent to the weld. 
(Figs. 66 - 69). All tension specimens except No. 5 failed in the tube 
adjacent to the weld (Figs. 70 - 72). Specimen 5 also failed in the 
tube but further away from the welds as can be seen in Fig. 73. 
In previous tests2 where the tube was welded to the outside 
of the sphere, failure occurred when a section of sphere adjacent to 
the heat affected zone of the weld pulled out (See Figs, 13 - 18, Ref, 
3), This failure was apparently due to a combination of membrane, 
bending and shear stresses. Tables 1 .and 2 of Ref. 2 indicate that 
when yielding occurred in the sphere, the stresses in the tubes were 
approximately 52% and 77% of their yield point (56 ksi) for the 
5/8-in, wall and 3/4-in. wall spheres respectively. The failure in 
the sphere can be attributed to two factors: 
1. The yield point of the sphere after fabrication was 
less than that of the original material and there-
fore less than that of the tubes. This prevented 
simultaneous yielding of the tubes and sphere. 
2. The wall thickness of the sphere was ins6fficient 
for the conditions imposed by the first factor and 
possibly insufficient even for equal yield stresses. 
At yield of the tube, the proposed criteria insures a less 
critical state of stress in the sphere. Ideally there would be partial 
yielding of the sphere near the tube-sphere junction but this would not 
' l 
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affect the overall behavior of the specimen. This condition was met 
in t:;he present· series of tests as will be shown later in the report, 
but not in the earlier tests. Although the 3/4-in. sphere wall 
specimen of the previous tests is similar to Specime.P 6 (6-5/8 in. O.D. 
tubes) of the current tests (i.e., D/D, D/T, T/t, etc. are approx-
imately the same), the two methods of connecting the tube to the sphere 
cannot be compared because of the different a /a ratios of the two yt ys 
specimens. A few observations, however, can be made with regard to 
this subject. These are: 
1. The precut hole type of connection does not weaken 
the specimen because the inserted tube and weld 
make the sphere at least as strong and possibly 
stronger than in its original condition. 
2. Greater ductility was evident in the precut hole 
specimens because the loads applied by the tube 
are more evenly distributed through the sphere 
thickness and changes in the tube diameter cause 
plastic flow in the sphere (see Fig. 74). In the 
direct tube to sphere connection, the sphere material 
beneath the tube offers greater restraint to plastic 
flow and the stress distribution through the sphere 
wall is not uniform. This condition would be 
expected to produce a less ductile failure mode. 
( 
5.4- Ultimate Strength of the Sphere 
An empirical formula for the ultimate strength of a sphere 
loaded ,through a tube of diameter d might take the form Pu 
s 
.... 
.... 
arr dT cr , where Pu is the ultimate load of the sphere and a is a ys 
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factor determined from test results. Since the present series of tests 
all failed in the tubes, only the earlier test~-~y the sponsor can be 
used to calculate this factor. 
The following values of a were obtained: 
1. For the sphere with T = 0.625, a= 1.16 
2. For the sphere with T - 0.75, a= 1.14 
Therefore, it can be stated that for these tests 
Pu = 1.15 n dT a 
s ys (22) 
It should be observed, however, that the d/D ratio was the same for both 
of these specimens (0.405) and that the factor a would probably change 
if this ratio was varied. For large ratios of tube diameter to sphere 
diameter where direct tensile stresses are predominan~ a would probably 
d be larger (for D 
tube diameter to 
a 
= 1.0 and us~ 1.5, a~ 1.5) and for small ratios of 
a - -ys 
sphere diameter where shear stresses would govern 
d · Tus 
wbuld be smaller (for -D·= 0, Tus = 0.75 a , a - 1.12, o ~ 1.12). 
us ys 
Therefore it seems safe to state that the formula 
Pu = 1.1 n d Ta 
s ys (23) 
will give a conservative prediction of the ultimate load of any size 
sphere. The most conservative results will be obtained for specimens 
with large ii ratios. 
I 
~:,! 
j 
( 
' 
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If Eq. 23 is applied to the present series of tests, the 
following results are obtained: 
1. For the • specimens with 2·;.. 7 /8 in. O.D • tubes (~ D - 0.167) 
Pu - 180 kips > Pu = 148 kips -s act. 
2. For the • with 6-5/8 in. Q.D • tubes (~ - 0.408) specimens D 
Pu - 438 kips > Pu - 400 kips - -s act. 
3. For the • specimens with 10-3/4 in. O.D • tubes (~ D - 0.668) 
Pu - 723 kips > Pu - 600 kips - -s act. 
In all cases the predicted strength of the spheres was greater than the 
~ actual strength of the specimens which was governed by the strength of 
the tubes. The small difference between predicted and actual strength 
in the case of the 6-5/8 in. O.D. tubes can be explained by the fact 
that the ultimate load of the tube (400 kips) was 1.25 times its pre-
dicted ultimate load. 
.f 
5.5 Summary of Earlier Work 
At this point in the investigation it is interesting to look 
1 at the conclusions that were reached in a previous study made in 
Germany. Th~se were: 
1. Sphere deformations were always quite small. 
2, A factor of safety of 2.5 against ultimate load 
guarantees against permanent deformation and 
also gives a factor of safety of 1.5 again~t 
yielding. 
, 
" 
\· 
3. The load carrying capacity of the sphere is higher 
when the plane of the weld seam of the two hemis-
pheres lies on the axis of the tubes. 
4. The wall thickness of the sphere should be within 
the following limits. 
D 
35 <T< 
D 
30 
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(II) 
Conclusion No. 4 does not take the diameter of the tube into consid-
eration, b1..i't is probably a fairly good approximation as long as the 
yield strengths of the sphere and tube are equal. If the yield strength 
of the tube is greater than that of the sphere, any specimen designed 
using these limits would very.likely fail in the sphere rather than in 
the tube. 
5.6 Correlation of Results and Theory 
Since only membrane forces act on the sphere wall at the 
equator, it would seem reasonable to assume that the best agreement of 
the pressure vessel theory and test results would occur at this point. 
;} 
The results given in Appendix B indicate that slightly better cor-
relation was obtained at gage point 2. It should be noted, however, 
that the test results were taken from surface gage and that the actual 
stresses in the sphere wall were considerably higher than those shown. 
Agreement of pressure vessel theory and test results is therefore not 
very close. The disagreement may have been due to the manner in which 
the tube-sphere weld was approximated as a reinforcing pad. 
· .... ,.,._,.,,:, 
Formulas I and II can now be compared. Before doing so it 
should be noted that Formula II is not applicable when a does not yt 
equal a . Table 6 compares the theoretical values of T obtained ys 
from formulas I and II with the actual values used in the tests. In 
order to demonstrate the limitation of Formula II, theoretical T 
values were calculated for the 24 inch diameter spheres used in the 
previous tests. 2 It can be seen that the value of 0.758 in. given by 
Formula II is almost the same as the actual wall thickness of 0.75 • 1n. 
Since this specimen failed in the sphere with little yielding in the 
tube, the reason for the above limitation is apparent. When applied 
to the present tests, Formula II seems to give results which are in 
d accord with Formula I except for higher values of O where it seems 
to be overconservative. 
As was previously stated design by Formula I should result in 
a stronger tube than sphere. On this basis the type of failure of any 
specimen could be predicted. For example, Formula lb indicates that 
' 
30. 
I • d for the 6-5/8 in. O.D. ttibe specimens (D - 0.408) to fail in the tubes, 
T must be equal to or greater than 0.486 in. The actual value of T 
was 0.5 in. and the specimen did fail in the tube thus verifying the 
design criteria. If this reasoning is applied to all the specimens 
in Table 6 it will be seen that in all cases the actual and predicted 
failures were in agreement. Considering the fact that it would be 
relatively simple to design, the tubes for their given loads and then 
use a sphere thickness that would insure a less critical state of stress 
in the sphere, Formula I would seem to be the most applicable to use 
in a design procedure. 
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6. SUMMARY AND CONCLUSION 
... 
The results of this study indicate that the idea of using a 
hollow steel sphere as a connection for tubular members is a practica·t··-
one. This type of joint has the f'"ollowing advantages: 
1. A large number of tubes can be accommodated. 
2. The tubes do not have to be fitted to one 
another by cutting but can be welded directly 
to the sphere. 
The main disadvantage would seem to be the difficulty of making an 
exact stress analysis of the sphere. It was shown in the analysis 
using pressure vessel theory that it is not always possible to 
determine how factors such as welding and cutting affect the problem. 
There is, however, a good possibil~ty of adapting this type of analysis 
to a computer solution so that design charts could be prepared. A 
simplified design procedure was developed based on the occurrence of 
simultaneous yielding of the tube and sphere. This procedure was 
based on simple membrane theory and the shear strength of the sphere. 
The conclusions of this report are best presented in an itemized 
form and are listed below. 
1. Simple membrane theory of shells is applicable to 
the analysis of spherical joints for tube diameter 
to sphere diameter ratios between 0.578 and 1.0 
because membrane forces predominate in this range. 
,. 
.j 
2. The limiting case would be that of a very small 
tube diameter to sphere diameter ratio where 
pure shear of the sphere wall would be the 
3. 
yielding. 
be conservative to apply this limiting 
case from its origin<!= O) to the tube diameter 
to sphere diameter ratio where it gives the 
d 
same result as the membrane theory <n = 0.578) 
4. Formula I is suitable for design because: 
a. It considers all factors 
b. It is not over-conservative, but it 
insures a less critical state of stress 
\ 
in the sphere thus eliminating the 
additional job of calculating the 
ultimate load of the sphere 
5. Permanent deformation due to loading and unloading 
is no more of a problem for spherical joints than 
it is for other types of welded connections~ 
6. Deflection of the spheres will be negligible under 
/, 
working loads. 
7. The precut hole type of connection does not weaken 
the sphere and in fact the increased ductility of 
the sphere seems to be advantageous. 
8. Shear failure of the weld will not occur if Eq. 
21 or a similar formula is adhered to. 
32 
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9. An empirical formula for estimating the ultimate 
p' 
\\ 
strength of a sphere could be written in the 
form of Pu 
s 
- ctn dT a • ys A conservative value 
of Pu would be obtained if a is set equal to 1.1. s 
... 
The following procedure is recommended for the design of a 
spherical joint. 
1. Determine the number of tubes entering the joint. 
2. Design the tubes from their load requirements, 
using an appropriate safety factor. 
., 
3. Starting with D = 2 d , select a sphere diameter max. 
that will meet the space requirements of the tubes. 
4. Apply Formula Ia or lb to each tube. 
5. The largest T determined from Formula Ia or Ib 
will be the required wall thickness of the sphere. 
6. Use a weld size sufficient to insure the connected 
parts will develop their full strength. 
33 
In order to gain a more thorough understanding of the relation-
ship between the four parameters (D, T, d, t), a further study is re-
connnended. It is believed that a good approach would be a test series 
of five specimens with sphere and tube diameters held constant, D 
being set equal to 2d. Either sphere wall thickness Tor tube wall 
thickness t would also be held constant and the other varied to give 
values above, below, and equal to that obtained from Formulae I. In 
this manner it might be possible to determine more accurately the 
,,., .. 
•• f '• ' h,, 
. . . .. .... ,:;:JI 
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dividing line between a failure in the tube and a failure in the sphere. 
After this a more comprehensive series of tests could be made 
including the following.: 
1. A test of a sphere loaded through four to six members. 
a. All in compression 
b. All in tension 
c. A combination of the two 
2. Tests of spheres where tube to sphere connections are 
subjected to: 
a. Bending moment 
b. Shear 
c. Torsion 
At this point it may be concluded that the spherical joint 
offers great possibilities in construction where tubular members are 
used, in particular for a space frame type of structure. It is hoped 
that further studies will be performed in order to take full advantage 
of these possibilities. 
'· 
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APPENDIX A 
Details of Welding Procedure for Test Specimens 
A. Welding of Hemispheres 
Submerged arc - automatic welding 
1/8 in. L 60 wire 
No. 780 flux 
500 to 600 amps 
36 
• 
32 to 44 volts I II 
-+-+--.- i'4 Space Between Hemispheres 
Hemisphere 
Wall 
--Hemisphere 
,-~'--- W a 11 
3, u 3'/ n B k 
'16 X 4 QC up 
.B·. Fillet Weld of Tube to Sphere 
Manual shielded arc weld 
5/8 in. Fillet weld 
5/32 in. rod 
160 to 195 amps· 
No. 7018 electrode 
., 
Diameter of precut hole equals outside diameter of tube 
plus 1/16 in • 
37 
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APPENDIX B 
Sample Problem - Pressure Vessel Theory 
I 
-....1 ........ t Solution for Specimen 6 - 6-5/8 in. O.D. Tubes 
r 
R = 7. 75 · in. 
T = 0.5 • 1n. 
T r - 3.1725 in. 
-
R t - 0.280 in. 
~I ' (see T - 0.85 • - 1n. 
"1 - 0.420 radians 
02 = 0.503 radians 
Equivalent reinforcing pad for weld 
-
-
-
Equal areas ----
-a -
-
2 
a 
- = ab 2 
_1b 
-FS-s-s-s-~-~-~- 4 I • a • l 
below) 
Therefore b a = -2 and T
1 
• T + ' 
a 
Here a• 0.70 in. and T1 • 0.85 in. 
• 
... 
J. 
~-
r 
! 
• 
* Constants used in solution 
* 
v = Poisson's ratio - assume 0.3 
k = Cylindrical shell factor - 4.30 
m = Function of Poisson's ratio - 1.65 
p = Function of Poisson's ratio - 0.788 
K = Spherical shell factor for sphere - 5.06 s 
K = Spherical shell factor for pad - 3.88 p 
Computed from formulas given in Ref. 3 
Formulas for the ~. 0 coefficients 
1 
ct 0 •tk · z 3 e10 
a O = t ker Z 4 0 
where 
,, 
sin0 ' Z • /2 K ~, f. t c'j - cot~). 
38 
Values of the Kelvin functions and their derivatives can be obtained from 
"Tables of Bessel-Kelvin Functions Ber, Bei, Ker, Kei and their 
Derivatives" by Herman It. Lowell, NASA TR R-32, 1959. These coefficients 
are used to compute the values of the elements of the matrices used in 
the solution. Due to their length, the formulas for the various elements 
are not reproduced here but may be obtained from Ref. 3 • 
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I: 
Tables of Values 
01 02 
ip z qi z 
Pad 1.015 2.30 1.020 2.76 
Sphere 1.015 3.00 1. 020 3.60 
\ 
Location Pad Sphere 
Function f'l f)2 01 02 
0 1.278 1. 750 1.965 2.365 O' 1 
r:t 0 
2 0.
5 76 0.118 -0.224 -1.462 
a 0 
3 
-0.145 -0.078 -0.052 -0.0114 
• 0 
a4 -0.065 -0.072 -0.068 -0. 0503 
• 0 
al 6.00 6 .15 7.47 2.69 
• CJ 0 
2 
-5.26 -7.69 -13.20 -21. 33 
·a 0 
3 
1. 059 0.715 0.773 0.375 
·a o 
4 -0.27
5 o. 041 0.174 0.279 
£) 1 02 
I/ ,: 
f pad 
0.039 o. 086 
f 
sphere 0.03
9 0.086 
~ ' . cos cot sin 
01 00408 0.914 2.307 
~2 0.482 0.876 1.818 
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
-~--
~--~-~- . t1't:''"'w:VE9§¥=- .. 
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Flexibility Matrices 
. , .• 'J.• 
The following flexibility matrices nrust be computed: 
- - -
-1 - -F = B A - solutions for A p. 13, elements of B p. 14, Ref. p p p p ' p ' 
- - - -1 - -F = B A - solutions for A p. 14, elements of B 'p. 14, Ref. 
s s s s ' s 
-p tF - where superscript pis for protruding nozzle -
solution for elements given p. 15, Ref. 3 
Following are the results of these computations: 
-A -p 
-B = p 
a a p 1,1 p 1,2 a a p 1,3 p 1,4 
a p 2,1 a p 2,2 a a p 2,3 p 2,4 
a') 1 a a a p ..., ' p 3,2 p 3,3 p 3,4 
a p 4,1 a p 4,2 a p 4,3 a p 4,4 
b b b b p 1,1 p 1,2 p 1,3 p 1,4 
pb2,l pb2,2 b b p 2,3 p 2,4 
b b p 3,1 p 3,2 b b p 3,3 p 3,4 
b b b b p 4,1 p 4,2 p 4,3 p 4,4 
-F -p 
- - -1 B A p p 
-
-
-
= 
14.72 - 12. 90 2.59 - 0.675 
1.01 0.22 - 0.16 0.12 
12.98 - 15. 95 1.48 0.085 
1.43 0.18 0.08 0.10 
5.35 
156. 70 
56.00 
229.15 
88.14 18.17 - 19.42 
182. 18 
151. 52 
7.95 
16.64 -
187. 30 - 1.44 
I/ 
31.98 
10.12 
21.49 
22,83 138.01 -20.47 - 142.88 
-25.63 -1833.54 -38.79 
13.76 - 413.26 -31.71 
2020.46 
477.28 
-23.40 -1694.45 -38.13 1943.97 
3 
3 
ii 
·, 
.. 
·~· 
. .,.. 
-A 
s 
T 
B 
s 
-F 
s 
a 
s 1,1 a s 1,2 
= 
a 
s 2,1 a 8 2,2 
b 
s 1,2 b s 1,2 
= 
b 
s 2,1 b s 2,2 
- - -1 
= B A -
s s 
f f 
_ t 1,1 t 1,2 _ 
- -
f f 
t 2,1 t 2,2 
0.779 
- 0.005 
32.84 
-24.55 
44.35 
-37.41 
-24.05 
0 
{ 
The necessary membrane displacement matrices are:/ 
tylm l 
m 
41 
0,579 
- o.-os9 
.-
5.49 
32.55 
342.21 
-918.84 
0 
590.0 
See Table 1, Load No. 2, p. 12, Article 3 
m 
-
tyl 1 31.35 Sy 1 1 
' ' 
9.60 
-m 
-m 
tyl • = sy2 a 
ty2 1 
- 1.10 syfl. 1 
' ' 
0 
py 1, 1 . 6.65 
I ... 
. • 1. 
'\· I 
pY2,l 0 
- m 
-pYl,2 • -
pY3,l 5.65 
py 4, 1 Q. 
}. 
. ( 
The elements of the matrix below which is part of Eq. 5 are: 
tfll N1 cos01 
tf21 N1 cos01 
0 
= 
-31.10 
0 
O· 
0 
for P f "" 1. 0 
0 
Solving the general equation 
-1 
-
I -m 
tF t 0 tyl f!I' 
-
~ -- I~ .... - m 
= F - - pyl ,2 -p 
' 
-
-m 
0 I F sy2 
.S 
0 
0 
46.88 138.01 -20.47 - 142.88 -1 55.80 
-25.63 -2423.54 -38.79 2020.46 - 1.10 
-
13.76 - 413.26 -76.06 135.07 3. 95 
~/R -23.40 -1694.45 - 0.72 2862.81 0 
1.377 
M1/R -0.0186 p! = - for 1.0 
- t 
·( 
H2 0.299 \ 
~/R 0.00029 
P • N1 sin0 
• N . fJ T 1. 0 and , . l sin l t = 
Nl 
t 1 0.28 1 1.37 = - -
- -T • sin01 a.so· 0.408 
~· 
·42 
ti 
\ 
- I -- , .-- • + -~- ,.....--,.._,~--- --
;,;· . 
.•. 
' . 
.. 
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Forces on element 
' 
This system is not equilibrium under the forces shown because 
shear forces in the thickness direction are not showh. Since these 
act through the center of the sphere we can find N2 by sununing mome.nts 
about the center of the sphere. 
~ M = 0 
C 
(1.37)(7.75) + 0.144 + O.OOJ4 - (1.377)(7.14) + (0.299)(6.85)=(N2){7.75) 
where 
and 
This 
7.14 • is vertical 1n. 
6.85 • • vertical 1n. 1S 
yields N2- ~ 0.382 
\ 
{/ 
distance 
distance 
when 
from centroid of sphere to CD 
from centroid of sphere to ® 
-. '----..._ T P - = 1 0 
"" t . . 
N2 
At © ,N_2 acts on a unit 
width. 
The circumference a~© is 
equal to 2 nm where 
m = R sin02 
Equator 
m = 7.75 x 0.482 = 3.74 in. 
The circumference at @ is equal to 7.48TT 
At the equator the circumference is equal to. 15.S!T 
.. ·, ., ... ,, 
J 
The width of the strip at the equator is then equal to: 
n • 
15. 5Q1T 
7 • 48TT = 2 • 08 in• 
and 
N2 acts over an area A@ = 2.08T 
A®"" (2.08)(0.50)"' 1.04 i~. 2 
Similarly at gage point 2 midway between point 1 and the equator we 
can determine the area. 
2 A@ = 1. 785 T "' 0.892 in. 
Therefore, when 
and 
T P-= 
t 
1.0 
0.382 = 0.367 
1.04 
--~ .. - ,,, 
' 
= 
0.382 
0.892 • 0.428 
T/t 
and 
= O • 5 O = 1 • 7 85 
0.280 
T P - = 1. 785 P t 
·. 
1. 
44 
\ 
; 
P can be calculated for each load Q by 
p. _q_ 
1T d where dis the diameter of the tube 
Hence Q 
•.,····d· an. 
p = (TT)(6.345) 
P = o. 0503Q 
Pf= (l.785)(0.0503Q) 
T P - = 0 0896Q t • 
T Since o® for P t = 1.0 is equal to 0.36/ 
o® for any load Q can be defined as 
T o©= (0.367){P t> 
Similarly: 
= (0.367)(0.0896 Q) )' 
o © == o. 0329 Q 
T o@ "' (0.428)(P t> 
= (0.428)(0.0896 Q) 
a@• 0.0384 Q 
45 
:":.;. , ... \. 
:t;· 
~ 
f: 
11, 
d 
I 
,, 
I 
For comparative purposes a chart of computed and actual 
stresses is shown below. The actual stresses were computed from 
a= e E where E = 29,600 ksi and e is the average vertical strain at 
the gage points on the outside sphere surface as recorded during 
, 
testing. 
.• 
Q cr@Computed cr@Actual a@ Computed a @Actual 
(Outside Gage) 
(kips) (ksi) (ksi) (ksi) (ksi) 
41. 0 1.35 1.925 1.58 1.630 
81.8 2.69 4.000 3. 14 3.785 
122.8 4. 04 5. 780 4.71 5.760 
139.5 4.60 6. 960 5.36 6.450 
156.3 5 .15 7.400 6. 02 7.250 
173.0 5.70 8.240 6.65 8.000 
189.8 6. 24 8.970 7.28 8.730 
206.5 6.80 9. 770 7.95 9.470 
233.3 7.67 10.650 8.95 10.200 
243.0 8. 00 11.700 9.35 11.250 
I 
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8. TABLES AND FIGURES 
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TABLE 1 LOt\D CHART 
Stress Interval Tension* and Compression Loads - kips 
in Tu"'1es 2-7/8 • O.D. Tubes 6-5/8 in. O.D. Tubes 10-3/4 in. o.o. Tubes Sphere in. 
(ksi) 
0 0 0 0 
7.33 16.5 41.0 67.3 
14.67 33.0 81.8 134.6 
22.00 49.5 122.8 201.9 
0 0 0 0 
22.00 49.5 122.8 201.9 
-
25.00 56.3 139.5 229.4 
28 .. 00 63.1 156.3 257.0 
0 0 0 0 
28.00 63.1 156.3 257.0 
Bl.00 69.9 173.0 284.5 
34.00 76.6 189.8 312. 0 
0 0 0 0 
34.00 76.6 189.8 312.0 
37.00 83.4 206.5 339.6 
40.00 
-
90.1 223.3 367.1 
Note: The above readings were made unless yielding occurred first at which time 
they were discontinued. If yielding did not occur at design load the 
specimen was loaded to yield and one last set of readings taken. 
*Tension loads were dropped to the lowest non-zero load to avoid re-gripping the 
specimen after unloading. 
'--Load 
without Tubes 
(ksi) 
0 
50.0 
100.0 ; 
125.0 
150. 0 
175.0" 
200.0 
225.0 
250. 0 
! 
\ 
~-
;, 
' 
·~ 
•I 
'r 
I 
,.!, 
'· 
Spec. 
No. 
1 
2 
3 
4 
5 
6 
7 
8 
9 
TABLE 2 RESULTS OF TESTS 
Tube 
Size O. D. 
(in.) 
10-3/4 
6-5/8 
2-7/8 
6-5/8 (2 extra) 
2-7/8 
6-5/8 
10-3/4 
6-5/8 (2 extra) 
116 Tubes cut off 
at weld 
Tension 
.·\Or 
CotriPre s s ion 
C 
C 
C 
C 
T 
T 
T 
T 
C 
Yield 
Load 
(kips) 
367.0 
250.0 
83.4 
250.0 
90.1 
243.0 
367.1 
_230\0 
247 .4 
Ultimate 
Load 
(kips) 
439.0 
323.0 
90.1 
313.0 
148.0 
400. 0 
600. 0 
390.5 
347.0 
49 
Failure 
Local buckling of .tube 
near tve ld 
Combined local buckling 
above \veld and column 
buckling 
Column buckling with 
slight local buckling 
above weld 
' 
Combined local buckling 
above weld and colunm 
buckling 
In tube, above weld 
In tube, at weld 
In tube, at we.Jct 
-------
In tube, at weld 
Yielding of sphere and 
remaining tube at 
• opening 
For all tests D = 16 in., T = 0.50 • 1n., t = 0. 28 in. , cr = a yt ys = 40 ksi 
*First yielding occurred in the tubes of all specimens 
TABLE 3 RESULTS OF PREVIOUS TESTS 
Tension 
.. , .. 
,~ 
Spec. or Approx. Ultimate 
No. T Compression Yield Load Load Failure 
(in.) (kips) (,kips) 
1 0.625 T 700 950 In sphere, around outside 
of ,veld 
2 o. 750 T 800 1125 In sphere, aroun~ outside 
of w·e ld -
For both tests D(. ·a ) = 24 in., d = 10 in., t :::: 0.5 in., a = 56 k.si, 1ns1 e yt 
a = 40 ksi 
ys *First yielding occurred in the sphere in both specimens 
• 
50 
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TABLE 4 DEFLECTIONS AT YIELD LOAD 
.. 
Defl-ection 
Total of Tube 
Tension Deflection from Deflection Specimen or at a L of No. Compression Yield Load 6 - y Sphere E 
( i11.) (in.) (in.) 
1 C 0.100 o. 043 0.057 
2 C 0.120 0.043 0.077 
3 C 0.130 0.043 0.087 
4 C 0.127 0.043 0.084 
" 5 T 0.099 0.019 0.080 
7 T 0.130 0.019 0.111 
Average 
~ ~ ~ ~ 0.083 
9 C 0.084 0.084 
-0\ 
' ,. 
·, 
~'---
,. 
;r 
i. 
~ 
'i> 
' . 
Specimen 
No. 
Gage 
Location 
1 
2 
3 
4 
5 
L 
TABLE 5 AVERAGE PRINCIPAL STRESSES AT YIELD LOAD OF TUBES 
Compression. - Sigma Min. - Tension - Sigma Max. 
,. 
1fol :/12 113 ffa4 115 :/fa6 117 
10-3/4 in. 6-5/8 • 2-7/8 • 6-5/8 • 2-7/8 • 6-5/8 • 10-3/4 • 1n. in. 1n. 1n. 1n. 1n. 
O.D. O.D. O.D. O.D. O.D. O.D. O.D. 
. 2 extra 
-14,500 
-
9,000 - 2,500 - 7,000 3,000 8,000 16,500 
- 5,500 - 8,000 - 3,500 -16,000 3,500 6,500 6,000 
-17,500 -23,500 -23,000 -20,000 28,000 17,000 10,500 
Yielded -39,000 
-15,500 Yielded 36,000 Yielded Yielded 
Yielded Yielded Yielded Yielded Yielded Yielded Yielded 
, 
I 
I 
i 
I \_ 
'1fa8 
6-5/8 • in. 
O.D. 
2 extra 
6,500 
5,500 
15,500 
Yielded 
Yielded 
\: 
I, 
'1' 
I! 
Ii 
;] 
TABLE 6 COMPARISON OF THEORETICAL SPHERE WALL THICKNESS 
Theoretical 
T 
(in.) 
Formula 
I(a) 
D CJ t 
T = - t y d cr ys 
o. 578 .'.: ! .'.: 1. 0 
I(b) 
CJ 
T 
- /"3 t 
yt 
C1 ys 
0 < !!_ < 0.578 
-D-
II 
D D <T< 35 30 
Current Tests: T t l = 0.5 ac ua 
• in. 
d/D = 0.167 d/D = 0.408 d/D = 0.668 
N.A. 
. 
' 
' 
' I 
0.486 
0.445 to 
0.517 
N.A. 0.428 
0.486 N.A. 
. 
0.445 to 0.445 to 
o. 517 0.517 
* Actually not applicable because a + a yt ys 
Previous Tests: d/D = 0.415 
T = 0.625 • in. T • 0. 75 • in. 
N.A. N.A. 
1.21 1.21 
o. 705 * to 0. 705 * to 
, 
o. 758 0.758 
• 
-_ ------- - - - --- ._.______ .. -~.,--,. 
-------
i. 
--------....--.....----··-- ----.,.·-- ·- .,,. _______ _ 
Plywood 
Heads 
6" 
·Ii 
Fig. 1 STRAIN GAGE LOCATIONS 
Set Screw 
I 
~4 "4> 
Al·uminum 
Rods 
Strain --...--
Gage 
\ 
Aluminum 
Spring "1--_.__...,_.,..__._ _ _.....--. I 
I 
Fig. 2 DEFLECTION GAGE FOR TENSION TESTS 
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( H 1-N I cos <p1) 
Fig. 3 FORCES ACTING ON ELEMENTS OF A PRESSURE VESSEL 
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16° 18° 
cp . 
Fig. 4 RELATIONSHIP OF BENDING MOMENT AND ANGLE t) 
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Fig. 5 MEMBRANE FORCES ACTING ON ELEMENT OF A SPHERICAL SHELL 
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Fig. 6 NOTATION 
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Fig. 7 FORCES ACTING ON SPHERICAL DOME -UNDER RING LO.WING 
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Fig. 17 REMAINING WELD AND INSERTED TUBE, 
SPECIMEN NO. 9 
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Fig. 60 REIATIONSHIP OF LOAD AND MINIMUM PRINCIPAL STRESS, GAGE LOCATION 2, SPECIMEN NO. 9 
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Fig. 61 REIATIONSHIP OF LO\D AND MAXIMUM PRINCIPAL STRESS, GAGE LOCATION 1, SPECIMEN NO. 9 
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Fig. 62 REIATIONSHIP OF LOAD AND MINIMUM PRINCIPAL STRESS, GAGE LOCATION 1, SPECIMEN NO. 9 
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